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Chronic allergic asthma induces T-cell s
exhaustion and impairs virus clearance
in mice
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Abstract

Background Allergic asthma, one of the most common types of asthma, is thought to be highly susceptible to
respiratory viral infections; however, its pathological mechanism needs to be elucidated. Recent studies have found
impaired T-cell function in asthmatic mice. Therefore, we aimed to investigate the way by which asthma induction
affects T-cell exhaustion in the lungs and assess the relationship between T-cell exhaustion and influenza viral
infection.

Methods Chronic allergic asthma mice were induced by intranasal injection of ovalbumin for 6 weeks and asthmatic
features and T cell populations in lung or airway were assessed. To determine the influenza virus susceptibility, control
and asthma mice were challenged with the human influenza virus strain A/Puerto Rico/8/1934 HIN1 and evaluated
the survival rate, lung damage, and virus titer.

Results Six weeks of OVA sensitization and challenge successfully induced chronic allergic asthma in a mouse model
showing significant increase of sera IgE level and broncho-pathological features. A significant decrease in interferon-
y-producing T-cell populations and an increase in exhausted T-cell populations in the lungs of OVA-induced asthmatic
mice were observed. Asthmatic mice were more susceptible to influenza virus infection than control mice showing
lower survival rate and higher virus titer in lung, and a positive correlation existed between T-cell exhaustion in the
lung and virus titer.

Conclusions Asthma induction in mice results in the exhaustion of T-cell immunity, which may contribute to the
defective capacity of viral protection. This study demonstrates a correlation between asthma conditions and viral
susceptibility by investigating the functional characteristics of T-cells in asthma. Our results provide insights into the
development of strategies to overcome the dangers of respiratory viral disease in patients with asthma.
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Background

Asthma is a chronic inflammatory airway disease
caused by various factors including allergen exposure,
chronic viral or bacterial infections, and air pollutants
[1]. Asthma is a major public health concern affecting
300 million people worldwide [2]. Allergic asthma is one
of the most common types of asthma and is characterized
by allergen-specific IgE production, airway hypersensitiv-
ity, increased mucous production, eosinophil-dominant
T helper type 2 (Th2)-biased inflammation, and struc-
tural remodeling of the airway [1, 3].

Patients with asthma are considered to be highly sus-
ceptible to respiratory viral infections, such as influenza
virus[4, 5]. The commonly discussed possible underlying
mechanisms of increased susceptibility of the influenza
virus infection in allergic asthma mice are deficient Th-1
antiviral immunity [6] and infection triggered asthma
exacerbation. They are categorized as a high-risk group
of influenza virus infection, and annual vaccination is
recommended for them [7, 8].To understand the mecha-
nisms of disease progression and develop prevention and
treatment strategies, an artificial asthma mouse model
has been used for in vivo asthma studies since the 1990s
[9-11]. Some studies have attempted to determine the
relationship between viral infection and asthmatic con-
ditions using an asthmatic mouse model. One reported
that influenza virus infection exacerbated asthmatic
conditions but not worsen the virus replication[12], and
others reported that asthma mice were even more resis-
tant in the early stage of viral infection [13, 14]. Because
asthma is a complex multifactorial disease, it is not easy
to duplicate every feature of chronic human asthma in a
mouse. Moreover, many different factors such as a type of
allergens, period of induction, and the condition of virus
infection, can impact the results of the asthma condition.
It makes diverse views and controversy whether asthma
mice are more susceptible to influenza virus infection
like patients with asthma.

The immunological conditions of asthma, such as per-
sistent foreign allergen stimulation, can make asthma
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prone to immunosenescence and lead to exhaustion
of T-cells, such as in aging and other chronic immune-
mediated inflammatory diseases [15, 16]. Despite the
importance of appropriate T cell function in viral protec-
tion, little is known about T cell exhaustion in asthmatic
condition and the effect to influenza virus infection.

In this study, we investigated the relationship between
chronic allergic asthma and influenza virus susceptibil-
ity using ovalbumin (OVA)-induced asthma mice model.
Also, we tried to elucidate the mechanism in the context
of T cell-immunity. To the best of our knowledge, this is
the first study demonstrating the relationship between
T cell exhaustion and influenza viral infection in asthma
mice.

Methods

Mice

Six-week-old female BALB/c mice were purchased from
Orient Bio and maintained at Jeju National University
Animal Facility. All mouse experiments were performed
in accordance with the guidelines of Jeju National Uni-
versity approved by the Institutional Animal Care and
Use Committee (protocol number 2021-0051). For
immunization and infection, mice were anesthetized
using isoflurane.

OVA-induced allergic asthma mouse model

BALB/c mice (n=4/group) were sensitized by intraperi-
toneal injection of 50 ug OVA (Sigma-Aldrich, St. Louis,
MO, USA) and 1 mg aluminum hydroxide (InvivoGen)
in 200 pL of phosphate-buffered saline (PBS) at weekly
intervals for 2 weeks. One week after the second sensi-
tization, mice were challenged intranasally with 50 pg
OVA in 50 pL PBS two times per week. The control mice
were sensitized and challenged with PBS only. Asthmatic
mice were sacrificed 6 weeks after OVA sensitization,
and their asthmatic features were evaluated. The sensi-
tization and challenge schedules are shown in Fig. 1A.
The experiments were conducted 3-times independently
and the representative data were shown. As an indicator
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Fig. 1 Experimental schedule of OVA sensitization and immunization in asthmatic mice
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of allergic response, the levels of immunoglobulin (Ig) E
in sera and the population of eosinophils in the lung and
bronchoalveolar lavage fluid (BALF) were measured. The
population of inflammatory cells in the lung and BALF,
levels of inflammatory cytokines and chemokines, and
hematoxylin and eosin (H&E)-stained histological fea-
tures of lung tissues were analyzed to evaluate lung
inflammation. In addition, to investigate the properties
of T-cells in asthmatic mice, the Th2/Th1 cell population
and the expression of the T-cell exhaustion marker, thy-
mocyte selection-associated HMG BOX (TOX) and pro-
grammed cell death receptor-1 (PD-1) were determined
using flow cytometry.

Influenza virus challenge to the asthma mouse model
Human influenza virus strain A/Puerto Rico/8/1934
HIN1 (A/PR8) was obtained from ATCC (VR-95™)
and amplified in 9-day old embryonated chicken eggs.
The virus was harvested from allantoic fluid and main-
tained at —80 °C until use. Mice were divided into four
groups (n=8 each): control, asthma, naive-infection,
and asthma-infection groups. The control and asthma
groups were intranasally injected with 50 puL PBS. For
the naive-infection and asthma-infection groups, control
or asthma-induced mice, respectively, were intranasally
challenged with A/PR8 virus at a dose of 50% lethal dose
(LDs,) 7 weeks after OVA sensitization. The LD50 of the
PR8 virus stock was determined using preliminary mouse
viral challenge experiments. Mice were sacrificed at two
different time points: 5 d after viral infection to evaluate
the pathogenesis of influenza and 14 d after infection to
monitor the daily body weight change and survival. Viral
titers were determined as the 50% egg infectious dose
(EID,)/mL.

Sample collection and preparation

Control and asthmatic mice were sacrificed 6 weeks after
OVA sensitization, and sera were harvested via centrifu-
gation of blood collected from the caudal vena cava.
BALF samples were collected by delivering 1.2 mL PBS
through the trachea using a 25-gauge catheter. Lung tis-
sues were obtained separately for histological and cel-
lular/cytokine analyses. For histological analysis, lung
tissues were immediately fixed with 10% formalin. Lung
tissues for cellular/chemical analysis were mechanically
mashed and filtered using a 100-pm cell strainer. We
have comparative experiment data of mechanical disas-
sociation method and mechanical and enzymatic method
to evaluate loss of T cell populations depending on the
methods (Supplementary Fig. 1) Following centrifuga-
tion, supernatants were stored at —80 °C until cytokine
enzyme-linked immunosorbent assay (ELISA). Following
red blood cell lysis, lung cell pellets were resuspended in
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1 mL PBS containing 2% fetal bovine serum (FBS, FACS
buffer) for flow cytometry.

Influenza virus challenge groups (naive, naive-infec-
tion, asthma, and asthma-infection groups) were sac-
rificed on day 5 post-challenge, and BALF and lung
samples were collected and stored in the same way. Lung
extracts for virus titration were stored at —80 ‘C until use.

Serum OVA-specific IgE ELISA

To measure OVA-specific IgE levels in the serum, the
ELISA plate was coated with OVA protein (400 ng/well)
before adding serum. Serially diluted sera were added
to OVA-coated ELISA plates (400 ng/well) after block-
ing. A horseradish peroxidase (HRP)-labeled anti-mouse
IgE secondary antibody (Southern Biotech) was used to
detect antigen-specific IgE in the serum. A tetrameth-
ylbenzidine solution was used as the substrate, and the
reaction was stopped using sulfuric acid. The optical den-
sity was measured at 450 nm.

Lung virus titration

The lung extracts from influenza-infected mice groups
were serially diluted in PBS from 107 to 10™'%, and 300
uL of each dilution was inoculated into 9-d old embryo-
nated chicken eggs (three eggs per dilution). After incu-
bation for 3 d, 50 pL allantoic fluid was collected and
added to a 96-well U-bottom plate. Chicken red blood
cells (50 pL, 0.5%) were added to all the wells and incu-
bated for 30 min at room temperature. The 50% endpoint
for hemagglutinin activity in chicken RBCs was deter-
mined according to the method of Reed and Muench
[17].

Cytokine and chemokine ELISA

Cytokine levels in the BALF and lung extracts were mea-
sured using tumor necrosis factor (TNF)-a, interleukin
(IL)-6, IL-12 p40 Mouse Uncoated ELISA Kit (Invitro-
gen), and interferon (IFN)- y, IL-4, IL-13, C-C motif che-
mobkine ligand 2 (CCL2) DuoSet ELISA kit (R&D system)
according to the manufacturers’ protocol.

Flow cytometry
For cell phenotype staining, harvested cells were blocked
with an anti-CD16/32 (clone 2.4G2) antibody after wash-
ing with 2% FBS containing PBS (FACS buffer). Each
antibody cocktail was subsequently added to the cells and
incubated for 30 min at room temperature in the dark.
Intracellular cytokine staining for Tox, IL-4, IL-13, and
IEN-y was performed using a BD Cytofix/Cytoperm kit.
The data were acquired using the BD FACS DIVA pro-
gram and analyzed with FlowJo software.

To investigate the inflammatory cell population, the
lung and BAL cells were stained with an antibody cock-
tail containing anti-mouse CD45 (clone 30-F11), CD11b
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Table 1 Lung inflammation scoring of asthma and control mice
after influenza infection

Score Bronchiolar Infiltrate Alveolar
Intraluminal Infiltrate  Peribron- Involvement
chial
Infiltrate
0 None None None
1 <25% of visualized Infiltrate <4 Increased cellularity;
lumens; predominate cells thick no evidence of septal
mononuclear thickening
2 25-50% of visualized lu-  Infiltrate Increased cellularity;

mens; mixed mono-and 5-10 cells no evidence of septal

polymorphonuclear thick thickening
3 50-75% of visualized 25-50% of  Significant celluarity,
lumens; predominately  visualized thickening; edema or
polymorphonuclear lumens blood, obliteration of
<25% of visualized
alveolar space
4 Diffuse; predominately  Diffuse Obliteration of >25%

polymorphonuclear of the alveolar space

(clone M1/70), CD11c (clone N418), F4/80 (clone BMS8),
Ly6c¢ (clone AL-21), MHC class II (clone I-A/I-E), CD170
(clone S17007L), and live/dead aqua (L/D). For memory
T-cell staining, CD45 (clone 30-F11), CD3 (clone 17A2),
CD4 (clone RM4.5), CD8a (clone 53—6.7), CD44 (clone
IM7), CD62L (clone MEL-14), and L/D were stained.
For T-cell exhaustion marker staining, antibodies against
CD45 (clone 30-F11), CD3 (clone 17A2), CD4 (clone
RM4.5), CD8a (clone 53—6.7), PD-1 (clone 29 F.1A12),
and TOX (clone TXRX10) were used. The intracellular
cytokines IL-4 (clone 11B11) and IFN-y (clone XMG1.2)
in T-cells were stained with CD45 (clone 30-F11), CD3
(clone 17A2), CD4 (clone RM4.5), and CD8a (clone
53-6.7) to distinguish Th1/Th2 cells. The gating strate-
gies are shown in Supplementary Fig. 2. The inflamma-
tory cell populations were double-confirmed by FSC/SSC
back-gating (Supplementary Fig. 3).

Lung histology and inflammation scoring

Portions of left lower lobe lung tissue were fixed in 10%
neutralized buffered formalin, processed, and embed-
ded in paraffin. Sections were cut to a thickness of 1 pm
and stained with H&E. Lung sections were scored from
0 to 4 blindly for peribronchial infiltrates and alveolar
involvement using an adapted histological scoring sys-
tem (Table 1) that was originally described by Dubin et
al. [18].

Statistical analysis

All results are presented as mean*standard error of the
mean, and statistical significance was analyzed using
GraphPad Prism software 9.2.0 (GraphPad Software
Inc.). Significant differences between two groups were
analyzed using unpaired t-test. One-way ANOVA or
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Fig. 2 OVA sensitization and challenge induced chronic asthma in
mice. Sera and lung Samples were collected at 6 weeks post OVA sen-
sitization. (A) OVA-specific IgE level in sera were measured by ELISA. Data
of OVA-specific sera IgE were shown in mean + SEM. For statistical analysis,
two-way ANOVA and Sidak's-multiple comparison test were performed.
***%5 <0.0001 between the indicated groups (n=4/group). (B) Lung tis-
sues were stained with hematoxylin and eosin (H&E) and the representa-
tive histological analysis of each group at magnification x200 was shown

two-way ANOVA was used for the comparison of mul-
tiple groups. Statistical significance was set at p<0.05.

Results

Six weeks of OVA sensitization and challenge successfully
induces chronic allergic asthma in a mouse model

To establish a chronic asthma mouse model, mice were
sensitized intraperitoneally with OVA plus alum for 2
weeks and subsequently challenged intranasally with
OVA weekly. To evaluate the asthmatic features of the
mouse model, mice were sacrificed 6 weeks after OVA
sensitization. Asthmatic mice showed a significantly
increased serum level of OVA-specific IgE compared to
control mice (Fig. 2A). Representative broncho-patholog-
ical characteristics of chronic asthma, such as infiltration
of inflammatory cells in the bronchial region, epithelial
detachment, airway thickening, and mucous plugging,
were observed in the lungs of OVA-induced asthmatic
mice (Fig. 2B). Flow cytometry analysis revealed inflam-
matory cell infiltration including eosinophil, monocyte,
neutrophil and dendritic cells (DCs) in the lungs and
BALF of asthmatic mice (Fig. 3A, B and supplementary
Fig. 4). Regarding inflammatory cytokines, we observed
an increase in the levels of CCL2 and IL-12p40 in asth-
matic mice compared to those in control mice; how-
ever, only the increased level of IL-12p40 was significant
(Fig. 3C, D). TNF-a level was significantly decreased
in the lungs of asthmatic mice than in those of control
mice (Fig. 3C). IL-4 level marginally increased in asth-
matic mice; however, the difference was not statistically
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Fig. 3 Inflammatory response in lung and BALF after asthma induction. Samples were collected at 6 weeks post OVA sensitization. Inflam-
matory cell population in Lung (A) and BAL (B) were measured by flow cytometry. Inflammatory cytokine and chemokine level in Lung (C) and BAL (D)
were measured by ELISA. All data were shown in mean +SEM. For statistical analysis, unpaired t test was performed. *p <0.05; **p<0.01; ***p <0.001
**¥*¥p <0.0001 between the indicated groups (n=4/group)
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significant (Fig. 3C, D). In addition, there was no differ-
ence in the levels of IFN-y and IL-13 between the con-
trol and asthmatic mice. These results indicate that the
6-week OVA-sensitization and challenge protocol suc-
cessfully induced chronic allergic inflammation and
structural changes in the airway of mice, despite marginal
changes in the levels of inflammatory cytokines.

Asthmatic mice show Th2-biased T-cell populations with
increased exhausted T-cells

To further investigate the T-cell condition of asthmatic
mice, we assessed the Th2- and Th1-biased cell popula-
tions of CD4 T-cells in the lung by measuring the intra-
cellular levels of IL-4 and IFN-y, respectively. The ratio
of Th2/Th1 cells to CD4 T-cells significantly increased,
indicating that OVA-induced asthma elicited Th2-biased
T-cell differentiation. The IFN-y * CD8 T-cell popula-
tion was lower in asthmatic mice than in control mice
(Fig. 4A). The populations of PD-1*TOX* CD4 and CD8
T-cells were significantly higher in the lungs of asth-
matic mice than in the lungs of control mice (Fig. 4B).
PD-1 and TOX are well-known T-cell exhaustion mark-
ers [19]. These data suggested that chronic asthma condi-
tions resulting from a long and persistent stimulation by
the foreign antigen could make T-cells over-exhausted,
resulting in loss of their cytokine production function.

Chronic asthma increases susceptibility to PR8 influenza
virus infection

To evaluate the effects of chronic asthma on the patho-
genesis of viral infection, control and asthmatic mice
were challenged with A/PR8 virus at a dose of LDy, 7
weeks after OVA sensitization. Both the naive-infection
and asthma-infection groups experienced weight loss;
however, the asthma-infection group lost more weight
from 5 d post-infection (Fig. 5A). The asthma-infection
group exhibited a 0% survival rate, whereas the naive-
infection group showed a 50% survival rate (Fig. 5B). In
addition, the virus titer was significantly higher in the
asthma-infection group than in the naive-infection group
5 d after viral challenge (Fig. 5C).

Inflammation in the airway after A/PR8 influenza
infection was determined 5 d post-challenge. The inflam-
matory cell population of the lung and BAL and the
inflammation score of lung tissues were assessed using
flow cytometry and H&E staining, respectively. The
eosinophil counts were similarly high in the lungs of
the asthma and asthma-infection groups following A/
PR8 challenge. The counts of other inflammatory cells,
such as monocytes, neutrophils, and DC, increased after
the challenge in both the naive-infection and asthma-
infection groups (Fig. 6A). BAL cell populations main-
tained the patterns of lung cell populations; however, the
asthma-infection group showed the highest percentage
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of all inflammatory cell populations (Fig. 6B). Although
there was no drastic difference in the inflammatory cell
populations in the lung, except for eosinophils, between
the naive-infection and asthma-infection groups, the
asthma-infection group exhibited significantly increased
inflammatory cell counts in BAL. The cytokine produc-
tion of IL-6, CCL-2, and IL-12p40 in the lungs and BAL
significantly increased after viral challenge in both the
naive-infection and asthma-infection groups. The pro-
duction of IFN-y also increased post-challenge; however,
IL-4 levels decreased after viral challenge (Fig. 6C, D).

Histopathological analysis of the lungs showed that the
asthma-infection group had significantly higher inflam-
matory scores than the naive-infection and asthma
groups in both bronchiole and alveolar features (Fig. 7A).
Representative histopathological images of the lung are
shown in Fig. 7B.

Collectively, our results showed that asthmatic mice
were more susceptible to PR8 influenza virus infection
with an accelerated viral replication. Asthmatic condi-
tions also appeared to elicit more severe inflammation at
the infection site during viral infection.

T-cell exhaustion in asthmatic mice is aggravated after
influenza virus infection and correlates with viral titers
T-cell exhaustion following PR8 viral infection was deter-
mined and compared between groups. The percentages
of exhausted CD4 and CD8 T-cells in the naive-infection
group were marginally higher than those in the control
group, yet lower than those in the asthma group. T-cell
exhaustion was higher in the asthma-infection group
than in the asthma group and more than twice as high
as that in the naive-infection group (Fig. 8A). This result
suggested that T-cells in chronic asthmatic mice have
already been under considerable exhausted conditions
and that the condition can be worsened by virus invasion.

We also analyzed the correlation between exhausted
T-cells and virus titers in mice following influenza virus
infection and found a positive correlation between the
percentage of exhausted CD4 and CD8 T-cells and the
virus titer (Fig. 8B).

Discussion

The immunization protocol for OVA allergen exposure in
this study was modified based on several protocols show-
ing key characteristics of chronic asthma, including as
airway remodeling with persistent airway hyper-respon-
siveness [20, 21]. Our 6-week OVA-sensitized and virus-
challenged mice successfully developed chronic allergic
inflammation and structural changes in their airways.
In addition, persistent stimulation of allergens induced
exhaustion of CD4 and CD8 T-cells in the lungs of asth-
matic mice. There was no significant increase in the levels
of cytokines in the lungs, except for that of IL-12p40. We
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Fig. 5 Influenza virus susceptibility and clearance of asthma mice. (A) Body weight changes were monitored for 14 days after infection with A/PR8
influenza virus (1xLDs). (B) Survival rate of the asthma mice after infection with A/PR8 virus. (C) Lung viral titers at day 5 post infection. Data of virus titra-
tion were shown in mean + SEM. For statistical analysis, unpaired t test was performed. *p < 0.05 between the Naive infection group and Asthma infection

group (n=4/group)

could assume based on the current knowledge, that the
Th-2 cytokine response was strongly increased in acute
period of asthma, up to 18-25 days of immunization [22—
24], and got weaker in chronic period. Chronic period of
asthma rather showed heterogenic response including
increased level of IFN-gamma and IL-17 [25, 26]. IL-23
cytokine and Th-17cells plays pathogenic roles in chronic
inflammation disease including many autoimmune dis-
eases [27]. Several studies suggests that these cytokines
are even involved in pathogenesis of chronic asthma mice
model [28]. Therefore, the increase of IL-12p40 could be
a result of the increase of IL-23, like autoimmune disease,
regarding of that other Type 1 inflammatory cytokine
levels were not increased and showing decreased Th-1 T
cell population and increase of exhausted T cell popula-
tion in asthma mice... Other cellular changes were clear,
and the ratio of Th2/Th1 CD4 T-cells in the lungs of asth-
matic mice significantly increased. Notably, the increase
in IL-4* CD4 T-cells was marginal, and the change in the
T-cell ratio was potentially because of the considerable
decrease in the population of IFN-y" CD4 T-cells. A sig-
nificant decrease in the population of IFN-y* CD8 T-cells
was also observed. The loss of cytokine production and

high expression of PD-1 and TOX in the T-cells of the
lungs implies exhaustion of T-cells in asthmatic mice.
Functional exhaustion of T-cells has been documented
during aging, chronic inflammatory diseases, and chronic
viral infections such as human immunodeficiency virus,
hepatitis B virus, and hepatitis C virus infections. The
capacity of the immune system is limited. Sustained
stimulation, such as viral antigens, autoantigens, and
allergens, causes T-cell dysfunction that results in sus-
ceptibility to diseases [29, 30]. The increased exhausted
cell population and functional defects of T-cells are
acutely connected to illness progression in chronic
viral infections, failing to achieve viral clearance [31,
32]. However, most of those studies have focused on
how persistent chronic viral infection overwhelms host
T-cell function and the relationship to disease pathogen-
esis. Our influenza viral-challenged asthma mouse model
revealed a relationship between pre-existing exhaustion
in T-cells and host protection against new viral infec-
tion. A/PR8 influenza virus infection aggregated the
exhaustion of CD4 and CD8 T-cells, and their percent-
ages were significantly higher in asthma-infected mice
than in naive-infected mice. In addition, they exhibited
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Fig. 6 Airway inflammation was increased after PR8 influenza virus infection. Samples were collected at 5 days post infection. Inflammatory
cell population in Lung (A) and BAL (B) were measured by flow cytometry. Inflammatory cytokine and chemokine levels in Lung (C) and BAL (D) were
measured by ELISA. All data were shown in mean+ SEM. For statistical analysis, one-way ANOVA and Tukey's post-multiple comparison test were per-
formed. *p <0.05; **p <0.01; ***p <0.001 ****p <0.0001 between the indicated groups (n=4/group)
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Fig. 7 Lung histological analysis and scoring of control and asthma mice after A/PR8 influenza infection. The inflammation score in lung (A) and
the representative histology pictures of lung tissues at magnification x200 (B) after A/PR8 influenza virus infection. Lung tissues were collected at 5 days
post infection and stained with hematoxylin and eosin (H&E). Lung inflammation score were blindly quantified (20-22 pictures/group) between 0-3,
using publishing criteria: 0 (normal), 1 (mild), 2 (moderate) and 3 (severe). All data were shown in mean + SEM. For statistical analysis, one-way ANOVA and
Tukey's post-multiple comparison test were performed. *p < 0.05; **p <0.01; ***p <0.001 ****p <0.0001 between the indicated groups

higher mortality after an LDg, of influenza virus infec-
tion, showing a 0% survival rate, compared to the control
mice. The virus titer significantly increased in asthma
conditions and positively correlated with the percentage
of exhausted T-cells. A recent study reported dysfunc-
tion of effector memory CD8 T cells in the asthma mice,
which can be one of evidence of T-cell exhaustion [33].
We believe that the defect of broad T-cell subsets during
the progression of exhaustion contributed the failure of
viral clearance in asthma condition.

In this study, we demonstrated that 6-week OVA-
induced allergic asthma mice can implement the
increased influenza virus susceptibility and we suggest
the T cell exhaustion as an important feature associated
with the susceptibility of influenza virus in chronic aller-
gic asthma mice. However, we could not discriminate the
contribution of each factor to mortality: T cell exhaustion
or inflammation in airway, virus replication or asthma
exacerbation. Therefore, further studies for figuring out
those questions are needed to develop a strategy for
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Fig. 8 T cell exhaustion marker expression of lung cells after PR8 influenza virus infection and correlation between the percentage of ex-
hausted T cells and virus titer in mice. (A) Lung samples were collected at 5 days post infection and T cell exhaustion marker expression in CD4 and
CD8T cells were measured by flow cytometry. (B) The correlation analysis between the virus titer and percentage of exhausted CD4, CD8T cell in influ-
enza infected mice. Data of T cell exhaustion were shown in mean + SEM. For statistical analysis, one-way ANOVA and Tukey's post-multiple comparison
test were performed. *p <0.05; **p <0.01 between the indicated groups (n=4/group). The correlations between the virus titer and the percentage of
exhausted T cells were analyzed using the Person’s correlation analysis. p < 0.05 was considered statistically significant

prevention and alleviating of pathogenesis of influenza
virus infection in asthma patients.

Conclusions

Asthma is an important chronic health condition that
increases the risk of respiratory viral infections by aggra-
vating inflammation. Numerous research teams have
studied the mechanisms underlying asthma to prevent
and alleviate disease exacerbation caused by respiratory
viral infections. This study highlights the functional char-
acteristics of T-cells in chronic asthma and their roles in
influenza virus infection, suggesting a critical consider-
ation for developing a strategy to overcome the exhaus-
tion of T-cells and reduce the risk of influenza and other
viral infections in patients with asthma.
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